approach. This novel technology has several advantages, including easy vector design, a 1 4 requirement for only a single genetic manipulation for both localisation and knockdown 1 5 studies, and high efficiency of specific gene knockdown. We also tested this system in the 1 6 related apicomplexan parasite P. falciparum. Surprisingly, a direct adaptation of the strategy 1 7 failed in this parasite, suggesting the existence of crucial differences in mRNA splicing 1 8 mechanisms between these two genera.
Introduction 1
Protozoan parasites of the phylum Apicomplexa, such as Toxoplasma gondii, Plasmodium 2 spp. or Cryptosporidium spp., are important pathogens of human and livestock populations. 3 These organisms also represent fascinating biological systems with unique organelles and 1 0 recombinase to be comparable to the parental strain ( Figure 5G) . Similarly, induction of the 1 DiCre-ku80::KRed flox YFP parasites with rapamycin results in an efficient switch (~97%) 2 from red to green ( Figure 5G ). Finally, we compared the expression levels of FRB-Cre59, 3 one of the DiCre subunits, in the different recipient strains and confirmed that expression 4 levels correlate with the efficiency of recombination. Compared to our standard Ku80::diCre 5 expression levels are clearly increased in strains based on RH DiCre ( Figure 5H , see also [7] ). Generation of conditional KO mutants for the dynamin related protein C (DrpC) 8 Next we explored whether the new DiCre recipient strains can be used for efficient U1 9 dependent silencing. We have previously identified three dynamin related proteins in T. 1 0 gondii, DrpA, DrpB and DrpC [36] . While DrpA has been demonstrated to be required for 1 1 apicoplast replication [25] , DrpB is required for biogenesis of micronemes and rhoptries [36] .
2
In contrast no information is yet available about the highly divergent DrpC and previous 1 3 attempts to generate GTPase truncated, dominant negative mutants by applying the ddFKBP-1 4 system were not successful (Pieperhoff, unpublished data). Therefore we generated an 1 5 endogenous drpC tagging vector analogous to chc1 described above ( Figure 6A ) and 1 6 established endogenously tagged parasite strains in ku80::diCre (7), DiCreΔku80 ( Figure 5C and DiCre-ku80::KRed flox YFP ( Figure 5D ). Next analytical PCRs were performed on each 1 8 resulting parasite following treatment with 50 nM rapamycin or mock treatment. In each case 1 9 correct endogenous tagging was confirmed ( Figure 6B -B'' and 6C-C''). In the case of 2 0 ku80::DiCre, we observed only inefficient recombination and both the excised and non-2 1 excised loci were readily detected in the induced population ( Figure 6B ), corresponding well 2 2 to the situation observed for CHC1. In good agreement with this result, no difference in 2 3 levels of DrpC-HA-FLAG protein were observed in this strain and IFA analysis confirmed 2 4 that only ~10% of all parasites showed a knockdown for drpC ( Figure 6C , 6D and 6E). Consequently, no differences in plaque formation were observed in this knockdown strain 1 ( Figure 6F ).
In strong contrast, knockdown of drpC in both DiCreΔku80 and DiCre-ku80::KRed flox YFP 3 was highly efficient. Indeed, PCR analysis suggested complete removal of the floxed DNA 4 sequence in the induced population and only a faint band for DrpC-HA-FLAG was still 5 detectable in immunoblot analysis 24 hours after induction ( Figure 6B ', 6C', 6B'' and 6C''). 6 Furthermore in immunofluorescence analysis we could hardly detect any parasites that 7 showed a clear signal for DrpC-HA ( Figure 6D ' and 6D'') and we confirmed that none of the 8 YFP positive parasites were also positive for HA, demonstrating that DiCre mediated 9 recombination of the reporter plasmid is a good indicator for recombination in a different 1 0 locus ( Figure 6D ''). Recombination rate in both cases was close to 100% ( Figure 6E ' and 1 1 6E'') and no plaque formation was observed in the presence of rapamycin ( Figure 6F ' and 1 2 6f''). These results confirm the high efficiency of recombination that can be obtained with 1 3 these recipient strains. In summary, U1 dependent silencing can be efficiently combined with 1 4
DiCre mediated recombination to achieve generation of GOI knockdown mutants in a fast 1 5 and efficient manner. The U1 mediated knockdown strategy is not functional in P. falciparum 1 8 Encouraged by our results in Toxoplasma, we attempted to adapt the U1 mRNA 1 9 destabilisation strategy to another apicomplexan parasite, the human malaria pathogen 2 0 Plasmodium falciparum. As a target GOI in this organism we selected pfsub1 (PlasmodDB 2 1 ID PF3D7_0507500), which encodes a subtilisin like serine protease involved in parasite 2 2 egress from the infected host erythrocyte. Based on previous failed attempts to disrupt this 2 3 gene in P. falciparum [28] , as well as conditional knockout studies of the orthologous gene in 2 4 the rodent malaria species P. berghei [37, 38] , pfsub1 is thought to be an essential gene in 2 5 1 2 parasite blood-stages. For modification of the pfsub1 gene, we created a plasmid construct 1 designed to integrate by single crossover homologous integration into the genomic locus, 2 introducing a C-terminal HA3 epitope tag as well as a floxed heterologous 3' UTR (the PbDT 3 3' UTR) downstream of the pfsub1 ORF. A sequence comprising an array of 10 repeated U1 4 recognition sequences was placed immediately downstream of the floxed PbDT3' UTR 5 ( Figure 7A ). The construct was transfected into the previously-described P. falciparum 6 1G5DiCre recipient clone [6] , which constitutively expresses DiCre from a genomic locus.
7
Rapamycin induced DiCre mediated recombination was predicted to excise the PbDT 3' UTR, 8 concomitantly translocating the 10 U1 recognition sequences to a position directly adjacent to 9 the pfsub1 STOP codon. We expected that loss of the 3' UTR along with addition of the U1 1 0 sequences would lead to mRNA destabilisation and result in PfSUB1 protein knockdown.
1
Correct integration of the construct at the pfsub1 locus in the 1G5DiCre P. falciparum 1 2 parasites and epitope tagging of the PfSUB1 gene product was confirmed by diagnostic PCR 1 3 (not shown) and by IFA using the anti 3HA mAb 3F10 ( Figure 7B ). Integrant parasites were 1 4 cloned by limiting dilution and two independent clones (D3 and B11) selected for detailed U1 recognition sequences to just downstream of the pfsub1 coding sequence.
0
To test the effects of the recombinase mediated genomic alterations on PfSUB1 expression, 2 1 mature schizonts from rapamycin-treated and control cultures were analysed by IFA (not 2 2 shown) and Western blot 44 h following rapamycin treatment ( Figure 7D) . Surprisingly, no 2 3 discernible effects on PfSUB1 protein levels were observed in either clone ( Figure 7D ). To 2 4 determine whether this might be due to the expression of pfsub1 mRNA early in that 2 5 erythrocytic cycle (i.e. prior to rapamycin-treatment) we maintained the treated parasites for 2 6 1 3 an additional two erythrocytic cycles, analysing schizonts once again six days following 1 rapamycin treatment. The parasite cultures replicated at the same rate, and examination by 2 Western blot again found no detectable differences in PfSUB1 expression levels between the 3 control and the rapamycin-treated parasites ( Figure 7D ) . This result suggested that despite its 4 efficacy in Toxoplasma, U1 mediated knockdown is not functional in P. falciparum.
5
In further work, a similar strategy was taken to attempt conditional knockdown of two 6 additional P. falciparum genes, subtilisin like protease 2 (pfsub2: PlasmodDB 7 PF3D7_1136900) and merozoite surface protein1 (msp1: PlasmoDB ). In both cases, despite 8 similarly efficient DiCre mediated excision of the inserted 3' UTR and translocation of the 10 9 U1 recognition sequences adjacent to the STOP codon, no effects on protein expression was 1 0 observed, strongly suggesting key differences in regulation of splicing in these two 1 1 apicomplexan genera. In this study we successfully established a new strategy that allows the generation of 1 5 conditional knockdown T.gondii parasites using a one vector approach. We transferred 1 6 knowledge from studies on pre-mRNA processing in other eukaryotic systems that 1 7 demonstrates that interference with exon-intron definition by placing U1 recognition on U1 mediated gene silencing has been developed [32], but has the drawback that multiple 2 0 genetic manipulations are required. Here we provide evidence that the basic mechanisms of pre-mRNA splicing must be 2 2 conserved between T. gondii and other eukaryotes, since positioning of the highly conserved genes results in gene silencing. This allowed us to combine the advantages of DiCre mediated recombination [7, 15] with U1 1 mediated gene silencing by conditionally placing U1-recognition sequences next to the STOP 2 codon of genes of interest (GOI). In order to improve this system we also developed new 3 T.gondii DiCre recipient strains that have a low background excision in the absence of the 4 inducer rapamycin, but more than 90% excision efficiency when rapamycin is added, for as 5 little as 4 hours, to the parasite culture.
6
In order to test the efficiency and specificity of this novel technology, we generated 7 conditional knockdown parasites for three T.gondii GOIs, chc1, vps26 and drpC. Importantly, 8 comparison of the phenotype of chc1-knockdown parasites with a previously described 9 dominant negative mutant for CHC1 [33] did not show any obvious differences, indicating 1 0 that the knockdown effect is specific for chc1 gene function. We also attempted a one vector 1 1 approach that can be applied in all strains of T. gondii since the expression cassette for DiCre 1 2 is placed into the tagging vector and is removed along with the selectable marker. However, 1 3 although successful targeting of vps26 could be achieved, we only obtained a population with 1 4 ~12% knockdown parasites for this essential gene. This is likely due to poor expression 1 5 levels of DiCre and therefore the successful application of this strategy most likely depends 1 6 on the genomic location of the GOI. Indeed, when we compared different DiCre-expressing 1 7 strains, we found a strong correlation of DiCre expression levels and efficiency of 1 8 recombination, indicating that for successful application of DiCre strong expression of the 1 9 individual subunits (Cre59 and Cre60) should be ensured. Therefore it is our suggestion to 2 0 limit this approach for the manipulation of parasite strains where no transgenic DiCre-2 1 expressing recipients are available. However, it is important to mention that even knockdown 2 2 efficiencies of less than 10% can be useful to characterise a phenotype, since the respective 2 3 parasites can be easily identified within a mixed population.
4
Another drawback of the technology presented here is the fact that integration of loxP 2 5 sequences within the 3'-UTR appears to directly influence gene expression, resulting in 2 6 1 5 reduced protein levels, as observed in case of mycGFP (see Figure 2 ). We suspect this may 1 be one of the reasons, why several attempts to tag a GOI with the U1-vector failed and the 2 success rate at this point is approximately 20% (not shown). However, this limitation can 3 likely be overcome by using different 3'UTR sequences in future versions of this technology.
Unfortunately we failed to directly adapt the U1 degradation system to use in P. falciparum.
5
At this point we are not sure why this strategy should not work in this closely related parasite, 6 given that U1 recognition sequences are completely conserved between T. gondii and P. 
Generation of T. gondii expression constructs and stable T. gondii parasite lines
1 1
GFP-U1 reporter parasite lines 1 2
For the generation of the plasmids p5RT70mycGFP-U1-HX and p5RT70mycGFP-mutU1- removed and a STOP codon for the myc-GFP cDNA was inserted followed downstream by integr-for/pG152-integr-rev, pG152-ssr-for/pG152-ssr-rev, and DrpC-integr-for/pG152-ssr- pyrimethamine as described previously [20] and subsequent cloned by limiting dilution. for/Ku80-rev, HXGPRT-for/HXGPRT-rev, Ku80-5'-for/HXGPRT-5'-integr-rev, and 1 8
HXGPRT-3'-integr-for/Ku80-3'-rev.
9
DiCreΔku80 was generated by double homologous recombination with the knock out 2 0 construct 5'Ku80-3'Ku80. Plasmid 5'Ku80-DiCre-3'ku80 (7) was modified using SpeI. 60 2 1 µg of the religated plasmid were digested with SacII and EcoRV prior to transfection into 2 2
DiCre ku80::hxgprt parasites. Transfectants were cultured in presence of 340µg/ml 6-2 3 thioxanthine to select for loss of hxgprt [21] and clones were isolated by limiting dilution. TgHSP60-RFP-CAT [25] or TgFNR-RFP-CAT (21) plasmid DNA prior to the experiment. Western Blotting Detection Reagents and exposed to Kodak General Purpose Blue Medical 1 X-Ray Films. SD were determined and plotted in a bar graph. P-values were calculated using unpaired two-1 9
tailed Student's t-test unless stated otherwise. (Invitrogen). Mature schizonts were purified from highly synchronous cultures using Percoll 1 (GE Healthcare) as described previously [29] . confirmed to contain the pfsub1 targeting insert by restriction digest and by sequencing. 10 1 7 μ g of plasmid DNA was used to transfect schizonts and integrants selected by drug cycling as 1 8
described previously [6] . Integration of the plasmid construct was confirmed by PCR analysis 1 9
and by IFA using the anti-HA3 mAb 3F10. Integrant parasites were cloned by limiting 2 0 dilution and two integrant, B11 and D3, were selected for further examination. We would like to thank Samuel I. Gunderson (Rutgers University, USA) for valuable input Microbiol 88: 687-701. Toxoplasma gondii strains deficient for nonhomologous end joining. Eukaryot Cell 8:
2 5 520-529. polyadenylation through a direct interaction between U1 70K and poly(A) polymerase. of reporter gene expression constructs engineered for U1 knockdown strategy. In all three 1 5 constructs mycGFP expression is driven by the constitutive p5RT70 promoter. In mycGFP-1 6 U1 and mycGFP-mutU1 two U1 sites were placed between the STOP codon and the 3' UTR.
7
In contrast to the wild type U1 site the mutated U1 site (mutU1) confers to gene expression.
8
Respective U1 sequences are indicated above the brackets and matching or mismatching with 1 9
U1 snRNA are illustrated in the box with mutated nucleotides shown in red. In mycGFP- parasites were stable transfected with the expression constructs shown in (A). Clonal parasite 2 5
